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Abstract 
 
 
 
In the part 1, Single crystal vanadium dioxide (VO2) nanowires were grown by physical vapor 
deposition (PVD) under atmospheric pressure and synthesized on a silicon dioxide (SiO2), a sapphire 
(Al2O3) C-plan and a sapphire R-plan as a substrate.The controllable spontaneous conversion of thin 
films into nanowires for large area production is investigated. The synthesis is found to depend 
critically on the thickness of V2O5 layer. We have controlled that the nanowires that are single crystal 
vanadium dioxide can be grown with thickness of V2O5 thin film and also we can synthesize VO2 
nanowires to various directions on the substrate. By using the patterned substrate, we can not only 
control the numerous VO2 nanowire morphologies but also fabricate the guided growth of millimeter-
long VO2 nanowires. 
 
 In the part 2, we report the high effective hydrogen gas sensor based on the metal-to-insulator 
transition (MIT) by the electro-thermally induced Palladium-nanoparticles-decorated VO2 nanowire 
prepared by the efficient and size-controllable growth method originated from V2O5 thin film 
driven.We have many experiments for improved hydrogen gas detector based on the MIT. First by 
doping the tungsten we showed that the MIT temperature was reduced to about 40°C. Second by 
irradiating a well-defined electron beam into the nanowires, we could considerably increase the 
conductivity up to 4 times with only a modest change in the MIT temperature (< 2°C). When exposed to 
trace amounts of hydrogen gas in a single nanowire configuration, the enhanced conductivity gave rise 
to about two times as fast transition to metallic phase even near room temperature (~35°C), by reaching 
much faster (~3x) a critical current density at which the self-heating initiates. Last, especially 
Palladium-VO2 nanowire near-corshell nanostructure shows remarkably large current increase at a 
temperature 10 °C lower than the MIT temperature in the bulk. This current increase occurs slowly over 
the duration of several seconds to several tens of seconds, depending on the Pd coverage, temperature, 
and hydrogen concentration. This novel finding thus mentions the capability of detecting selectively 
hydrogen of different three gases (O2, CO2, and ethylene) and has significant implications for the 
effective engineering the physicochemical properties of vanadium dioxide by a heterogeneous catalytic 
process.  
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1. Introduction 
 
1.1. CHARACTERISTIC OF VO2 
 
Vanadium is expressed by chemical element with the symbol V and atomic number 23. It is silvery 
gray and malleable transition metal. Vanadium element is found only in chemically combined with 
oxide in nature. Vanadium combined with oxygen shows such as V2O5, V2O3, VO2, and so on. On 
vanadium combined with oxygen, vanadium dioxide (VO2), a strongly correlated electron material, 
undergoes a Mott metal-insulator transition (MIT) with extremely change in electronic and optical 
properties at a temperature of 68 °C in the bulk.[1-4]In general, the Mott transition in vanadium dioxide 
(VO2) occurs alongside a structural phase transition from monoclinic (M1, the insulator or 
semiconductor phase) at temperatures below the Mott transition temperature to tetragonal (R, the 
metallic phase) above that temperature, which is accompanied by several orders of magnitude jump in 
conductivity (Figure 1.1). 
 
 
Figure 1.1 Phase transition of vanadium dioxide (adapted from ref. 5) 
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Vanadium dioxide (VO2) is highly concerned with electron material which exhibits a metal-to-
insulator transition (MIT) coupled with rutile (R) of tetragonal (the metallic phase) – monoclinic (M1, 
the insulator or semiconductor phase) structural transition.[6.7]It is known that the metal-to-insulator 
transition (MIT) temperature and domain structure are completely affected by uniaxial strains. The 
metal-to-insulator transition (MIT) can be further complicated at large strain or high Cr doping that 
induces another monoclinic structure of VO2, the M2 phase (Figure 1.2).[8-12]In recent studies, 
vanadium dioxide (VO2) has been known that the compressive strain (2.2%) can totally complete the 
transition of a VO2 nanowire to the metallic phase at room temperature.[13]However, the electronic 
nature of the transitions between the M1, M2, and R structural phase has not been explained across 
the broad phase space. [14] 
 
Figure 1.2 Phase diagram in stress (adapted from ref. 14). 
 
 
 
 
 
 
Insulator phase M1 and M2 and metallic phase R of vanadium dioxide nanowire distinguished by 
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Raman spectra.[15]Raman spectra was measured by heating the vanadium dioxide nanowire.Figure 
1.3[15] shows insulating phase M1and M2 and metallic phase R of the Raman spectra peak. Raman 
spectra was changed from 608 cm-1 (M1 phase) to 645 cm-1 (M2 phase) of broad peak, increasing the 
temperature and then all of the peak of Raman spectra disappeared, changing the metallic phase of 
vanadium dioxide. 
 
 
Figure 1.3 Raman spectra with Vanadium dioxide nanowire phase(adapted from ref. 16). 
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Also, optical properties of vanadium dioxide (VO2) are changed by transferring the phase from 
insulator to metal. The optical transmittance depends on the temperature that modifies vanadium 
dioxide (VO2) phase. Figure 1.3 shows the temperature-dependent optical transmission (at the 
wavelength of 2500 nm) and thermal hysteresis loop of vanadium dioxide (VO2).[16]When vanadium 
dioxide (VO2) is heated and cooled, vanadium dioxide (VO2) undergoes a different phase transition 
with a transmittance gap of ΔTr = 53% atλ= 2500 nm and shows the feature hysteretic behavior with 
ΔT =9.8 °C (figure 1.3). The hysteresis is relevant to the multidomain vanadium dioxide (VO2) 
structure, nanosized vanadium dioxide crystals, and other parameters.[17-19] 
 
Figure 1.4 Temperature-dependent optical transmission of VO2 (adapted from ref. 16). 
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1.2.MOTT TRANSITION 
 
 Mott transition was first proposed by Nevill Francis Mott who was an English physicist and won the 
Nobel Prize for Physics in 1977. He assumed playing around electron correlations including nickel 
oxides that could change from metals to insulators under various physical conditions. Simply, Mott 
transition is from theinsulator to themetal of a material. This theory is due to the electron density and 
electric field screening of the coulomb potential changes.[20,21]If a material gets small electron density, 
it will be weak screening. Therefore, the electrons are bound and the material is an insulator. If a 
material becomes large electron density, the electrons will be no bound states and the material will be 
a metal due to the strong screening. To undergo a Mott transition, a material needs to have a sufficient 
electron density.  
 Hyun Tak Kim from ETRI argued the hole-driven MIT theory[22] which is the extension of the 
Brinkman-Rice picture.[23]To demonstrate the hole-driven MIT, he observed inhomogeneous VO2 film.  
On the basis of the fractional charge, the fractional Coulomb energy is defined as U ≡<e'e'/r> = 
ρ2Utrue, where U is the effective Coulomb energy and Utrue is the true Coulomb energy. For a given Uc, 
Utrue =κUc is given, where κis the correlation strength used in the BR picture.[23] 
For an averaged system with one effective charge per atom, the effective mass of a quasi-particle m*, 
calculated by the Gutzwillervariationaltheory[22], is given by 
 
𝑚∗
𝑚
≡
11− (𝑈/𝑈𝑐)2 = 11− 𝜅2ρ4 
Where m is the bare electron mass, U/Uc is κρ2≠ 1, κ is the strength of Coulomb energy. 
 In the vanadium dioxide, a metal to insulator transition near U/Uc = 1 occurs suddenly with 
inhomogeneity by semi-conduction as a doping process of internal holes of nc≈ 0.018%. Hole doping 
of al low concentration to a Mott insulator causes a breakdown of on-site Coulomb energy from Uc to 
a large constant U (<Uc), as indicated in figure 1.4.[22, 24] 
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Figure 1.5 a) the curve is the effective mass of quasi-particle, b) The system becomes inhomogeneous 
due to doped holes (adapted from ref. 24). 
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1.3.GROWTH METHODES OF VO2 NANOWIRES 
 
There are many methods for growing VO2 nanowires such as hydro-thermal method, CVD process, 
and PVD process, etc. Among some methods, we selected Atmospheric Pressure Physical Vapor 
Deposition (APPVD) process.  
 First, we fabricated V2O5 thin film simply using a radio-frequency (RF) reactive sputtering chamber 
with vanadium target (99.99%), flowing argon (16sccm) /oxygen (4sccm) mixtures under the 
operating pressure of 4mTorr and substrate temperature of 450 °C, the V2O5 thin films were 
deposited onto the substrates.  
Then, the fabricated thin films were moved into the middle of a 1 inch horizontal quartz tube furnace 
to grow VO2 nanowires under atmospheric pressure. The synthesis was implemented during 2 hours 
at 650 °C with flowing high purity He gas (99.999%) at 300 sccm. When raising temperature at 
500 °C, the He gas (99,999%) at 300 sccm was flowing 1 inch horizontal quartz tube (figure 1.6). 
 
 
Figure 1.6 Schematic drawing of spontaneous conversion of V2O5 thin film into VO2 nanowires. 
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1.4. SPONTANEOUS CONVERSION OF V2O5 THIN FILM INTO VO2 NANOWIRES 
 
The quasi 1-Dimensional nanostructures like semiconducting nanowires have been extensively 
explored toward their potential utility in optoelectronics, sensors, nanoelectronics, and 
electrochemical energy conversion and storage devices.[25-27] The various methods of synthesizing 
nanowires have been developed to effectively fabricate metallic and semiconductor nanowires with 
unique physicochemical properties, including liquid phase self-assembly, template growth on 
nanometer sized pores, and chemical vapor deposition with or without metal catalysts. Recently, it 
was newly reported that Bi2Te3 and Bi nanowires are grown via direct “OFF-ON” synthesis mode in 
a simple manner using the thermally induced stress of a thin precursor film.[28] In this process, they 
suggested that the synthesis of the nanowire could be induced by atomic diffusion of components of 
the thin film along grain boundaries in the presence of compressive stress. Although various crystal 
growth methods are well established in preparing nanowires of high crystallinity as well as high 
aspect ratio, it is still challenging to control making high quality nanowires with the uniform sixe and 
length for real applications.  
In this part we report an exceptionally simple and effective strategy to fabricate uniform nanowires 
by spontaneous conversion of thin film. We suggest that the VO2 nanowires with extremely narrow 
size and length distributions can be successfully grown on a numerous substrates through the 
complete dewetting process from the thin film of the V2O5 Phase. Also we can control the VO2 
nanowire morphologies with various patterned substrates. 
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1.5. INTERNAL-STRAIN CREATED BY HYDROGEN GAS IN Pd-VO2 NEAR COR-SHELL 
AND APPLICATION AS GAS SENSOR 
 
Quasi-on-dimensional (1-D) nanostructures have been extensively explored due to their potential 
utilities in optoelectronics, sensors, electronics, and energy conversion and storage devices.[29-
31]Vanadium dioxide (VO2), a strongly correlated electron material, undergoes a Mott metal-insulator 
transition (MIT) at a temperature of 68 °C in the bulk.[1-4]In general, the Mott transition in VO2 occurs 
alongside a structural phase transition from monoclinic (the insulator or semiconductor phase) at 
temperatures below the Mott transition temperature to tetragonal (the metallic phase) above that 
temperature, which is accompanied by several orders of magnitude jump in conductivity. Other than 
the temperature, external strain, light, and doping can significantly affect the phase transition by 
changing the transition temperature or the phase stability.[32-37] Many efforts have been thus devoted to 
this material due to their potential applications in Mott transition field-effect transistors, switching and 
metamaterial device, sensors, and smart windows.[38-40] 
To date, many chemical sensors based on novel metal nanoparticles and semiconductor oxides such as 
tin oxide, tungsten oxide, titanium dioxide, etc., have been reported.[41-44] However, a major 
disadvantage is that these sensors operate only at temperatures greater than 100°C (may show low 
sensitivity at lower temperatures), thus resulting in higher power consumption and a reduction in their 
stability. On the contrary, a VO2 based MIT sensor is able to operate at temperatures lower than the 
MIT temperature of (~ 68 °C) and can show ultra-high sensitivity of ~ 1000 fold enhancement.[31, 38] 
In particular, if VO2 nanostructures can be properly combined with catalytic nanoparticles interacting 
strongly with specific gases, it can be a very promising direction to realize a superior gas sensor with 
ultra-sensitive and selective response for various gases. 
There has long been interested in the influence of chemical doping on the insulator to metal 
transition of VO2. It is well-known that the transition temperature can be lowered by 
incorporation of foreign atoms such as W, Ti and is strongly dependent on the stoichiometry 
of VO2.[45-47] Very recent hydrogenation experiments on the VO2 nanowires have also shown 
that hydrogen in VO2 promotes the electronic and structural phase transition at lower 
temperature than 68 °C because of the decrease in the energy bandgap by lowering the π* 
level in energy band diagram.[48] Actually, hydrogen in VO2 can act as an electron donor 
increasing the carrier density in the conduction band, causing a shift in insulator to metal 
transition temperature.[36-38, 49]Hydrogen gas at high temperature (~ 400 °C) also reduces the 
oxides, resulting in compositional variation and leading to the structural change from 
monoclinic to hexagonal close packed (hcp) structure.[50] However, most of works was 
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conducted at higher temperature than the transition temperature. 
 Here, we introduced that raising the conductivity can considerably promote the transition to 
the metallic phase by responding to the critical electron concentration (for Joule self-heating) 
faster (>2x). For increasing the conductivity, we implemented an electron beam intentionally 
to alter the surface structure of VO2 with very little change in MIT temperature (< 2 °C).Although 
e-beam irradiation technique can also induce local composition deviations in material stoichiometry, 
these side effects could be minimized by finding a way for an effective use of e-beam irradiation in 
material properties. The sensor is then tested for the capability of selectively detecting hydrogen from 
the following these gases (O2, CO, and ethylene). 
Also, we report an unusual insulator to metal transition of the palladium-decorated VO2 nanowires 
caused by the heterogeneous H2-Pd catalytic reactions. With exposure to hydrogen, the VO2 exhibits 
an insulator to metal transition at 50 °C, lower than the transition temperature in the bulk. The 
transition occurs slowly over duration of several seconds to several tens of seconds, depending on the 
Pd coverage, temperature, and hydrogen concentration, which is not usually observed in the first-
order metal-insulator transition of single crystalline VO2. Here, we discuss electronic transport with 
various experimental conditions such as hydrogen concentration, temperature, Pd coverage, and 
applied voltage, and perform finite element analyses using COMSOL Multiphysics software. These 
experiments allow us to examine the deceleration in the transition in terms of the catalytic reactions in 
detail. After hydrogen flow is shut off, the conductance is not immediately returned to the original 
value and it takes approximately 30 min even after 100 °C, meaning that the atomic hydrogens, 
produced by dissociative chemisorption on Pd, are incorporated into VO2. However, the Pd-decorated 
VO2 nanowire after the recovery process also shows similar current response to hydrogen gas, 
meaning that it is reversible. 
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2. SPONTANEOUS CONVERSION OF V2O5THIN FILM INTO VO2 
NANOWIRES 
 
2.1. EXPERIMENT 
 
2.1.1 Experimental Equipment of VO2 nanowire growth 
 
For fabricating the V2O5 thin film, we used a RF reactive Sputter (Figure 1.1). The system is 
composed of a load-lock chamber and a main chamber so that vacuum of main chamber is maintained 
and protected from passible contamination by preventing it from being directly exposed in air. The 
load-lock chamber is contacted by a rotary pump to the base pressure of ~1× 10-3Torr and the main 
chamber is equipped with a turbo-molecular pump to the base pressure of~1× 10-6Torr. 
 
 
Figure 2.1 Radio Frequency Sputter (RF-sputter). 
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To grow the nanowire of VO2, we used an atmospheric-pressure and physical vapor deposition 
(APPVD). The APPVD is equipped with heating system to 1200 °C and Photograph is in Figure 1.2. 
The system is included in a 1 inch horizontal quartz tube furnace, a temperature controller, and mass 
flow controller (MFC). We can be able to flow three gases (He, H2, N2) in a 1 inch horizontal quartz 
tube furnace. 
 
 
Figure 2.2 Atmospheric-pressure, Physical Vapor Deposition (APPVD). 
  
12 
 
2.1.2. Target and Substrates 
 
The V2O5 thin films were deposited onto a thermally grown SiO2 layer with 2000Åthickness and 
resistivity of 1-30 Ω.cm on a polished Si(100) single crystal, non-polished Si(100) single crystal, 
Al2O3 c-plan, Al2O3 r-plan, and patterned substrate on Si(100). Patterned substrates were fabricated 
using O2 plasma. First, PDMS/N-Hexane was coated by spin casting on substrates, and PDMS or 
Glass stamped imprinting (550nm). Then, stamped substrates were exposed by O2 plasma. To 
fabricate V2O5 thin film we used vanadium target (99.99%) for RF-sputter. 
 
 
Figure 2.3 a)Thermally grown SiO2 layer with 2000Åthickness on a polished Si(100) single crystal, b) 
Patterned substrate on a polished Si(100) single crystal, c) Vanadium target (99.99 %), d) Sapphire 
(Al2O3) C-Plane, e) Sapphire (Al2O3) R-Plane, f) Schematic structure of sapphire (Al2O3). 
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2.1.3. Analysis 
 
 After the growth of VO2 nanowires, VO2 nanowires were confirmed by Raman spectroscopy that is 
method for analyzing VO2 in comparison with other composites. The Raman spectra were 
implemented with WiTec alpha 300R M-Raman system with 532 nm (2.23 eV) excitation. The laser 
spot size was ~ 500 nm in diameter with a 50× optical lens. When measuring the VO2 nanowire to 
prevent deformation or damage of a VO2 nanowire from laser-induced heating, we had the laser 
power of 0.15 mW maintained. 
 The crystallinity of VO2 nanowires was confirmed by using a high resolution X-ray diffractomter 
(Bruker, D8 Advance, Germany), which is equipped with a dual channel asymmetrically cut 
monchromator on motorized slide. It was operating at 40 kV and 40 mA. Nickel-filtered Cu Kα 
radiation was used in the incident beam (λ= 1.5418 Å), which is focused on the line shape. 
Diffractograms were recorded at room temperature in the range 2θ = 20 - 60° with a step of 2°/min. 
 To observe morphology of the VO2 nanowire, Field Emission Scanning Electron Microscopy (FE-
SEM) was carried out by using a Nano 230 of FEI that includesa Schottky type thermal field emission 
gun and provides 1.0 nm microscope resolution at 15 kV, magnification range of 30 – 800,000 x. The 
probe current is from 0.6 pA to 100 nA. 
 The high-resolution transmission electron microscopy (HRTEM) images were performed by using a 
Cs-corrected JEOL JEM-2100F TEM operated at 200keV. A GatanMultiscan CCD camera was used 
for the image acquisition with a pixel size of 1024 × 1024. 
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2.1.4. Experimental methods 
 
Single crystalline vanadium oxide nanowires were fabricated using atmospheric pressure, physical 
vapor deposition. Simply, using a radio-frequency (RF) reactive sputtering chamber with vanadium 
target (99.99%), flowing argon (16sccm) /oxygen (4sccm) mixtures under the operating pressure of 
4mTorr and substrate temperature of 450 °C, the V2O5 thin films were deposited onto a thermally 
grown SiO2 layer with 2000Åthickness on a polished Si(100) single crystal, non-polished Si(100) 
single crystal, Al2O3 c-plan, and Al2O3 r-plan substrate. The thickness of the thin films was controlled 
by adjusting the deposition time (2, 5, 10, and 30min). Then, the fabricated thin films were moved 
into the middle of a 1 inch horizontal quartz tube furnace to grow VO2 nanowires under atmospheric 
pressure. The synthesis was implemented during 2 hours at 650 °C with flowing high purity He gas 
(99.999%) at 300 sccm. When raising temperature at 500 °C, the He gas (99,999%) at 300 sccm was 
flowing 1 inch horizontal quartz tube (figure 1.6). Patterned substrates were fabricated using O2 
plasma. First, PDMS/N-Hexane was coated by spin casting on substrates, and PDMS or Glass 
stamped imprinting (550nm). Then, stamped substrates were exposed by O2 plasma (figure 2.4). The 
morphology of the VO2 nanowires was observed by scanning electron microscopy (SEM). The high-
resolution transmission electron microscopy (HRTEM) images were collected using a Cs-corrected 
JEM-2100 operated at 200keV. The micro-structure of VO2 nanowires was verified by X-ray 
Diffraction (XRD) and Raman spectroscopy. Electrical contacts were deposited onto respectively 
single VO2 nanowires on the SiO2/Si growth substrates. Au/Ti (200/20 nm) electrodes were fabricated 
by conventional e-beam metal vapor deposition through a metal shadow mask. To minimize 
contamination, no wet processes were employed at any stage of device fabrication. Current-voltage 
measurements were done in a custom-built chamber. Samples were annealed in nitrogen for 1minute 
at 200 °C to improve the Ohmic contact between the nanowire and metallic pads. Metal-to-Insulator 
transition temperature was measured two-terminal configuration and Raman spectroscopy. 
 
 
Figure 2.4 Schematic drawing of Patterned substrate process for fabricating the numerous VO2 
nanowire morphologies and the guided growth of millimeter-long VO2 nanowires. 
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2.2. RESULTS AND DISCUSSION 
 
2.2.1. V2O5 thin film fabrication 
 
To fabricate V2O5 thin film, we were deposited with pressure of oxygen and argon. At oxygen partial 
pressure 10%, the films were seen to be V2O5 and V6O13 and raising oxygen partial pressure 20%, 
V2O5 was observed. Also resistance was increased by hundreds MΩ with the rise of the oxygen 
pressure (Figure 1.6). 
 Therefore, V2O5 thin film was fabricated using a radio-frequency (RF) reactive sputtering chamber 
with vanadium target (99.99%) and the process conditions are flowing argon (16sccm) /oxygen 
(4sccm) mixtures under the operating pressure of 4mTorr and substrate temperature of 450°C. 
 
 
Figure 2.5 The control of O2 partial pressure led to the formation of V2O5 thin film on the sapphire 
substrate. 
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2.2.2. VO2 nanowire growth with V2O5 thin film thickness 
 
 Respective SEM image show grown VO2 nanowires on SiO2 substrates with various thickness of 
V2O5 thin films from 2 to 20 nm (Figure 2.6). SEM date indicates that 2 min deposition time does not 
produce nanowires, and many nanoparticles, which were indexed to V2O5, are observed.[5]As the 
deposition time increases to 5 min, the nanowires with quite uniform diameter (of average width of 
110nm (± 5nm), randomly oriented in the plane of substrate, are found. Figure 2.6 (b) also indicated 
the presence of ~ 45 nm droplet-like structures around the nanowires, dramatically depleted within 
about 2µm of the nanowires, showing nanodoplets feeding the growth of the nanowires. Although 
much more nanowires can be produced at higher thickness of V2O5 thin film, the nanowire widths are 
too large (> 221 nm) and the width and length uniformity is very poor. 
 
 
Figure 2.6 SEM images (scale bar = 10 µm) of as-grown VO2 nanowires grown on SiO2 
substrateswith varying thickness of V2O5 film from 2 to 20 nm. Inset in (b) shows the representative 
image of VO2 nanowires obtained at 5 nmthick-sample. 
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2.2.3. Micro-structure analysis of grown VO2 nanowires 
 
The nanowires were confirmed by using a high resolution X-ray diffraction (HRXRD) (Figure 2.7a). 
VO2 nanowires were grown on a SiO2/Si substrate that is lower than the main cure. Only diffraction 
peaks of (011) and (022) planes are shown, indicating that the VO2 nanowires synthesize preferential 
direction. 
 As excited by 533 nm laser light, Raman spectra of single nanowires is observed (Figure 2.7b).The 
VO2 nanowires were grown on a sapphire (Al2O3 c-plane) substrate. The Raman spectra were 
demonstrated by two peaks at 197 and 225 cm-1. To indicate Raman spectra, we retained the laser 
power of 0.15 mW and had the 300 seconds of exposure time because the VO2 nanowires is easily 
deformed and burned from laser-induced heating. 
 
 
Figure 2.7 (a) XRD diffraction of VO2 nanowires on a SiO2/Si substrate. The VO2 peaks are observed 
at the (011) and (022) reflections. (b) Raman spectra of a VO2 single nanowire on a sapphire substrate. 
The optical image shows that the laser spot was focused on a VO2-nanowire center. Peaks of Raman 
spectra are shown by sharp peaks at 197 and 225 cm-1 and broad peak at 630cm-1. 
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2.2.4. Grown VO2 nanowires with substrates 
 
 The VO2 nanowires were grown by using APPVD with various substrates. Figure 2.8 shows SEM 
and TEM images of grown VO2 nanowires on a polished SiO2/Si, non-polished SiO2/Si and sapphire 
r-plane. These nanowires synthesized had different directions with substrates. The randomly oriented 
VO2 nanowires are located on the polished SiO2/Si-substrate bottom. The measured nanowire with 
was determined by SEM to be 137 (±34) nm (Figure 2.8a). On a non-polished SiO2/Si substrate, the 
VO2 nanowires have random angles from a floor (Figure 2.8b). By using r-plane sapphire, VO2 
nanowires were grown to an angle of 60° (Figure 2.8c). TEM was used to characterize the single-
crystal structure of a VO2 nanowire in Figure 2.8 (d), which preferentially grew along the [100] 
direction in the M1 phase and the atomic images and patterns are also shown as distinct spots clearly, 
indicating high crystalline properties. 
 
 
Figure 2.8 (a) Law magnification SEM image of VO2 nanowires and cross-section image on a 
polished SiO2/Si substrate, (b) The grown VO2 nanowires on a non-polished SiO2/Si substrate, (c) 
VO2 nanowires on r-plane sapphire and an angle of 60° from the floor, (d) High magnification TEM 
images of single VO2 nanowire. 
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2.2.5. Annealing conditions of metal contact 
 
Au/Ti (200/20 nm) electrodes were deposited onto respectively single VO2 nanowires on the 
substrates. The electrodes were fabricated using conventional e-beam metal vapor deposition through 
a metal shadow mask. In order to minimize contamination, we did not use wet processes at any stage 
of device fabrication.  
 We introduced annealing processes to improve the Ohmic contact between the nanowire and metallic 
pads. Samples were annealed using Rapid Thermal Annealing system (RTA) in a chamber under 
nitrogen. 
 Figure 2.9 shows the current change with sweeping the voltage. The current of nA level was 
observed to 150 °C. At annealing condition of 200°C, we could observe the insulator-to-metal 
characteristic. The features of nanowires were changed to metallic by annealing VO2 nanowires at 
300 °C. In inserting the optical image, most of the nanowires become nanoparticles over 500 °C. 
Therefore, we determine the annealing condition at the temperature, 200 °C under nitrogen in a 
chamber.  
 
 
Figure 2.9 Current-voltage curves with the annealing temperatures and VO2 nanowire condition after 
an annealing over 500 °C. 
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2.2.6. Calculation of Insulator-to-Metal Transition temperature 
 
 All current-voltage measurements were performed in a two-terminal configuration in series with a 10 
kΩ resistor. Previously,[51] we suggested that the insulator-to-metal transition temperature could be 
determined by measuring the voltage values at which the sharp current steps, signaling that 
occurrence of the insulator-to-metal or the reverse transitions, through the following relationship: 
)1()( 0
22 TTVV MMM −∝−
↓↑  
 The values of TM determined in the above manner as function are shown in Figure 2.10. For the 
VO2 nanowire, the Mott transition temperature was found to be 69.5 ± 1.2 °C. 
 To measure the insulator-to-metal transition temperature, we observed the Raman spectra of a VO2 
single nanowire changing temperatures, heating and cooling the VO2 nanowire from room 
temperature to 100°C. Then, the insulator-to-metal transition temperature was obtained by the peak 
ratio of main peak, 197 cm-1.  
 
 
Figure 2.10 (a) I-V curves measured at ambient temperature in the range of 45 - 53 °C by varying the 
applied bias both from low to high voltage values and in the reverse direction of as-grown VO2 
nanowires, (b) A plot of the difference in the square of the voltages at which the Mott transition occurs 
in the upward and downward directions vs ambient temperature (ΔVM
2vs T), (c) Heating and cooling 
temperatures, observed peak ratio of Raman spectra. Raising temperatures, peak of Raman spectra 
disappeared. 
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2.2.7. Guided growth of sub-millimeter long VO2 nanowires 
 
 The sub-millimeter long VO2 nanowires were grown using pattern substrates (Figure 2.11). 
Patterned substrates were fabricated using PDMS/N-Hexane and O2 plasma. When growing the sub-
millimeter long VO2 nanowires, pattern substrates were located against flowing He gas in an angle of 
45° in the middle of a 1 inch horizontal quartz tube furnace. 
 
 
Figure 2.11 Optical and SEM image of sub-millimeter long VO2 nanowire. 
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2.2.8. VO2 nanowire morphology control with patterned-substrate shapes 
 
 Figure 2.12 shows cross-section SEM image of VO2 nanowires with controlled morphology. We 
carried out observation of aligned, sub-millimeter long VO2 nanowires growth with controlled 
morphology. Changing the slope of the substrate patterns, we demonstrated that liquid 
V2O5nanodroplets coalesce into bigger droplets and large droplets change to VO2 nanowires. On 
patterned substrate, the cross-section shapes of VO2 nanowires are decided by the shapes of bowls. 
The nanowires are self-aligned and the length can reach to sub-millimeter dimension. 
 
 
Figure 2.12 The cross-section shapes of VO2 nanowires, (a) diamond-shaped, (b) rectangular-shaped, 
(c) hexagonal-shaped, (d) round-shaped. The cross-section shapes of VO2 nanowires are decided by 
the shapes of bowls, because the solid V2O5 thin films melt to liquid V2O5nanodroplets. 
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2.3. CONCLUSIONS 
 
 In this summary, we demonstrated the controllable spontaneous conversion of thin films into 
nanowires for large area production and grew the various VO2 nanowires with substrates. We used RF 
reactive sputter for fabricating V2O5 films and single-crystal VO2 nanowires were grown using 
physical vapor deposition under atmospheric-pressure. We also verified that sub-millimeter long VO2 
nanowires were synthesized using the patterned substrates. By using various patterned substrates, we 
could control the VO2 nanowire morphology. The cross-section morphology of VO2 nanowires are 
determined by the shapes of bowls, as the solid V2O5 thin films melt to liquid V2O5nanodroplets. The 
insulator-to-metal transition temperature was measured by current-voltage curve and Raman spectra 
and found to be 69.5 ± 1.2 °C. Due to a number of these features of VO2 nanowires, they can be used 
more usefully in devices such as gas and temperature sensors, photovoltaic cells, batteries and so on. 
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3. INTERNAL-STRAIN CREATED BY HYDROGEN GAS IN Pd-VO2 NEAR COR-SHELL 
AND APPLICATION AS GAS SENSOR 
 
3.1. EXPERIMENT 
 
3.1.1. Experimental equipment 
 
 To deposit the metal contact and Pd nanoparticle, we used E-beam evaporator (Figure 3.1), FC-2000 
which is thermal evaporating or e-beam deposition method equipment. Au/Ti (200/20nm) electrodes 
were fabricated by conventional e-beam metal vapor deposition through a shadow mask. Also, 
palladium nanoparticles (1 to 3 nm mass thick) were deposited on the device using e-beam 
evaporation at a very slow deposition rate of less 0.1 Å/s. Electron beam source is shown by the 
power supply to the hot filament electron beam by the magnetic field induced by magnet. The system 
is composed of 6 source pocket (Au, Cr, Ni, Ti, Al, Pt, Pd), power supply, 6kW, 208V (CV-6SLZ), 
source control module, programble sweep controller and Thickness controller. 
 
 
Figure 3.1 E-beam evaporator, Pd nanoparticle and electrode, Au/Ti (200/20nm) deposition. 
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For irradiating the electron beam, we used a high voltage electron beam accelerator in Yeungnam 
University. The nanowires were irradiated with electron beam (e-beam) energy of 0.5 and 0.7 MeV, 
and doses in range from 1014 to 1016 electrons/cm2 at room temperature in ambient conditions. During 
the irradiation, in order to prevent VO2 nanowire deformation or damage from induced electron beam 
heating, we always maintain the beam current of 1mA. The high voltage electron beam accelerator 
has maximum output 28kW, beam current 40mA, beam energy 0.7 MeV and beam area 1000mm. The 
system is composed of high frequency converter, capacitance bank, power supply cabinet, SF6 gas 
supply system, water distributor, shieling room. 
 
 
Figure 3.2 Schematic drawing of high voltage electron beam accelerator. 
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3.1.2. Analysis 
 
To detect various gases, the chamber probe station wascustomized (Figure 3.3). It is passible up to 
heating 300 °C, pumping 10-3 torr, and inspecting fore gases. All current-voltage measurements and 
detecting gases were carried out in a two-terminal configuration in series with a 10 kΩ resistor. The 
system is composed of a source meter (KEITHLEY 2636A), temperature controller, gas controller, 
and MFC controller. The source meter offers wide dynamic range from 1fA to 50A and 1μA to 200V. 
20,000 rdg/s provides faster test times and ability to capture transient device behavior. 
 
 
Figure 3.3 Customized current-voltage measurement systems. 
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3.1.3. Experimental methods 
 
 To grow the single crystalline vanadium oxide nanowires, the V2O5 thin films were initially 
fabricated onto a thermally grown SiO2 layer with 2000 Åthickness on a Si (100) single crystal 
substrate using a radio-frequency (RF) reactive sputtering chamber with a vanadium target of 
(99.99%), flowing argon (16sccm)/oxygen (4sccm) mixtures under the operating pressure of 4 mtorr 
and substrate temperature of 450 °C. The V2O5 thin films were then transferred into the center of a 
1inch horizontal quartz tube furnace to synthesize VO2 nanowires under atmospheric pressure. The 
synthesis of VO2 nanowires was performed during 2hours at 650 °C with flowing high purity He 
(99.999%) at 300 sccm. 
Also, tungsten was deposited with V2O5 thin films using a radio-frequency (RF) reactive co-
sputtering to fabricate the V2O5 thin films doped by tungsten. The nanowires doped by tungsten were 
carried out for 2hours at 700~750 °C with flowing high purity He(99.999%) at 300 sccm. 
The morphology of the VO2 nanowires was verified by scanning electron microscopy (SEM). The 
high-resolution transmission electron microscopy (HRTEM) images were collected using a Cs-
corrected JEM-2100 operated at 200 kV. 
The nanowires were irradiated with electron beam (e-beam) energy of 0.5 and 0.7 MeV, and doses in 
range from 1014 to 1016 electrons/cm2 at room temperature in ambient conditions. During the 
irradiation, in order to prevent VO2 nanowire deformation or damage from induced electron beam 
heating, we always maintain the beam current of 1mA.  
Electrical contacts were deposited onto respective VO2 nanowires on the SiO2/Si growth substrates. 
Au/Ti (200/20 nm) electrodes were fabricated by conventional e-beam metal vapor deposition via a 
metal-shadow mask. To reduce contamination, no wet processes were employed at any stage of device 
fabrication and then, we introduced annealing processes to improve the Ohmic contact between the 
nanowire and metallic pads. Samples were annealed using Rapid Thermal Annealing system (RTA) in 
a chamber under nitrogen. After the fabrication of single-VO2 nanowire device, palladium 
nanoparticles (1 to 3 nm mas thick) were deposited on the device using e-beam evaporator at a very 
slow deposition rate of less 0.1Å/s. In carrying out Pd deposition, a shadow mask was appropriately 
placed so that each device set contained both pristine and Pd-decorated VO2 nanowires samples. 
Finally, all samples were annealed in a nitrogen atmosphere for 1 min at 100 ~ 200 oC to induce the 
palladium metal film to break up and aggregate into well-spaced Pd nanoparticles. Current-voltage 
measurements were done in a custom-built chamber in which the temperature and gas composition 
could be varied. Ambient gas composition was controlled by mass flow meters and gas partial 
pressures were in the range 10- 100 Torr. 
 To observe the effect of VO2 nanowire stress, VO2nanowires were grown on non-polishing SiO2 
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substrate for transfer of the nanowires. Substrates of flexible devices were used by the polyimide film. 
For catching the VO2 nanowire, Au/Ti (400/10 nm) electrodes were fabricated by conventional e-
beam metal vapor deposition via a metal-shadow mask. 
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3.2. RESULTS AND DISCUSSION 
 
3.2.1. VO2 nanowires doped by tungsten  
 
 Tungsten was doped into the V2O5 thin films. When we fabricated the V2O5 thin films, tungsten 
was doped using a radio-frequency (RF) reactive sputtering chamber with a tungsten target of 
(99.99%), flowing argon (16sccm)/oxygen (4sccm) mixtures under the operating pressure of 4 mtorr. 
First, we made plasma to the tungsten gun, flowing argon (16sccm)/oxygen (4sccm) mixtures under 
the operating power 5W. Then, the vanadium gun was opened for co-sputtering.  
VO2 nanowires doped by tungsten were grown by atmospheric pressure, physical vapor deposition 
during 2hours at 700~750 °C with flowing high purity He(99.999%) at 300 sccm. 
 Figure 3.4 shows the VO2 nanowires doped by tungsten. The W-doped VO2 nanowires indicated that 
the both ends of nanowires show a little change.  
 
 
Figure 3.4 SEM images of VO2 nanowires doped by tungsten. 
  
30 
 
3.2.2. Analysis of VO2 nanowires doped by tungsten 
 
 Following the doping tungsten, the Raman spectra remain unchanged (Figure 3.5a). Recent study 
reported that Mott transition temperature is to be reduced as doping other atoms into vanadium 
dioxide.[52] Figure 3.5b shows that by doping tungsten into the VO2 nanowires, insulator-to-metal 
transition temperature was reduced to 35°C. Energy dispersive x-ray spectroscopy indicated that 
tungsten is doped into VO2 nanowires (Figure 3.5c). 
To measure the Mott transition temperature, we inspected the Raman spectra of a VO2 single 
nanowire changing temperatures, heating the nanowire from room temperature to 55°C. Then, the 
insulator-to-metal transition temperature was obtained by the peak ratio of main peak, 197 cm-1. 
 
 
Figure 3.5 (a) substrate and VO2 nanowire and W-doped VO2 nanowire of Raman spectra, (b) 
Heating temperatures, observed peak ratio of Raman spectra. Raising temperatures, peak of Raman 
spectra disappeared, (c) 2.5% W-doped EDX result. 
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3.2.3. Current-density change with e-beam irradiation conditions 
 
All I-V measurements were carried out in a two-terminal configuration in series with a 10 kΩ resistor.  
We monitored the irradiation effects as a function of irradiation energy and dose (Figure. 3.6). For the 
as-grown VO2 nanowire, the current increased linearly with increasing voltage with a slope 
corresponding to a conductance value of 1.50 × 10-6 Ω-1. The conductance value increased to 3.57 × 
10-6 Ω-1 as the dose (at 0.5 MeV) increased to 1016/cm2 and I-V curve became slightly steep with the 
voltage. The increase in the irradiation energy to 0.7 MeV also increased further the conductivity by 
about twice, measured at 5 V. The significant increase in the conductivity may be due to the local 
composition deviations in material stoichiometry such as oxygen vacancies by the e-beam 
irradiation.Actually, a large amount of vacancies can be generated during the e-beam irradiation. 
Some deep levels or midgaps formed by oxygen vacancies or disorder effects may play an important 
role in increasing the conductivity.[53]The variation of current density with the e-beam irradiation is 
plotted after measuring the electrical properties of several nanowires in Figure3.6(b). 
 
 
Figure 3.6 Change in current density of VO2 nanowires as a function of e-beam irradiation power and 
dose. 
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3.2.4. Crystal structure analysis of VO2 nanowires following e-beam irradiation 
 
The crystal structures of the VO2 nanowires after e-beam irradiation were characterized by HR-
TEM images and the corresponding fast Fourier transform (FFT) patterns, as shown in Figure3.7 
Previously,[51] we showed that only diffraction peaks corresponding to (011) and (022) planes were 
observed, indicating that the VO2 nanowires grow along a preferential direction. In TEM image of the 
as-grown VO2 nanowire, the atomic images and patterns are also shown as distinct spots clearly, 
indicating high crystalline properties. After e-beam irradiation of 0.5 MeV at dose of 1016/cm2, the 
atomic images remain unchanged although the diffraction spots look a little larger. Even after e-beam 
irradiation of 0.7 MeV, it cannot easily be seen that the lattice image is distorted.  However, the 
diffraction spots became larger and were split into several smaller spots, suggesting deterioration in 
the crystalline properties of the material. Nevertheless, it should be noted that any secondary phases 
such as V2O5 were not produced. 
 
 
Figure 3.7Bright-field images (scale bar = 100 nm), and HR-TEM images (scale bar = 5 nm), and the 
corresponding Fast Fourier Transformed (FFT) diffraction patterns of VO2 nanowires as a function of 
e-beam irradiation power and dose; (a) as-grown (b) 0.5 MeV, 1016/cm2 (c) 0.7 MeV, 1014/cm2. 
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3.2.5. Mott transition temperatures with e-beam irradiations; I-V measurement 
 
Previously,[51] we suggested that the insulator-to-metal transition temperature could be determined by 
measuring the voltage values at which the sharp current steps, signaling that the occurrence of the 
insulator-to-metal or the reverse transitions, through the relationship; 
)1()( 0
22 TTVV MMM −∝−
↓↑  
The values of TM determined in the above manner as a function of irradiation energy and dose are 
shown in Figure 3.8. For the as-grown VO2 nanowire, the Mott transition temperature was found to be 
69.5 ± 1.2 °C. With e-beam irradiations, the measured values of TM ranged from 68.8 to 73.3 °C, 
depending the energy and dose, within the experimental error (± 2 °C) inherent in the determination of 
TM, meaning that the effect of e-beam irradiation is negligible. 
 
 
Figure 3.8 (a) I-V curves measured at ambient temperature in the range of 45 - 53 °C by varying the 
applied bias both from low to high voltage values and in the reverse direction of as-grown VO2 
nanowires, (b) A plot of the difference in the square of the voltages at which the Mott transition occurs 
in the upward and downward directions vs ambient temperature (ΔVM
2vs T), (c) The Mott transition 
temperatures as a function of e-beam irradiation energy and dose (inset) A plot of the difference in the 
square of the Voltages after e-beam irradiation of 0.5 MeV at dose of 1016/cm2 and after e-beam 
irradiation of 0.7 MeV at dose of 1014/cm2. 
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3.2.6. Mott transition temperatures with e-beam irradiations; Raman Spectra 
 
Raman spectra of a single VO2 nanowire on sapphire (c-plane) excited by 523nm laser light. Raman 
spectra indicated the two characteristic peaks at 197 and 225 cm-1 which are attributable to single 
crystal monoclinic VO2. By heating and cooling a VO2 nanowire from room temperature to 100 °C, 
the insulator-to-metal transition temperature was obtained by the peak ratio of first main peak, 197 
cm-1. There is little change in insulator-to-metal transition temperature under convergent electron 
beam irradiation at 0.5 and 0.7MeV. 
 
 
Figure 3.9 Mott transition temperatures with irradiation conditions. Raman peak (197 cm-1) was 
observed by heating and cooling a VO2 nanowire. 
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3.2.7. Sensing performance with e-beam irradiation conditions 
 
Figure 3.10 (a) shows a typical current response measured at constant voltage of Pd-decorated VO2 
nanowire obtained at 45 °C, exposed to hydrogen flowing at 10 sccm added for various lengths of 
time to a 100 sccm background air stream. Initiating the hydrogen flow across a Pd-decorated VO2 
nanowire biased at 5 V causes the current to increase steadily and then increase approximately 1000-
fold after ∼10 min of H2. Thus, the electrical conductance of the VO2 nanowire is found to change 
over two time scales: a slow process taking place over several minutes depending on the conductivity 
and ambient temperature, and an ultra-fast process which takes a few nano- or micro-seconds to reach 
the metallic phase. Previously,[6]we argued that the slow process was complex, in addition to H atom 
formation and its interaction with the Pd, such as H atom migration into the oxide’ surface and its 
penetration into the oxide’s bulk region, known as spillover effect. 
Figure 3.10 (b) shows the sensing performance of Pd-decorated VO2 nanowire as a function of 
irradiation energy and dose. After e-beam irradiation of 0.5 MeV at a dose of 1014/cm2, the response 
time slightly decreases to an average of 7 (± 2) min. When the dose increases to 1016/cm2, the 
response time (< 4 min) significantly reduces to less than half of initial values (~ 10 min). This 
acceleration in hydrogen response may be considered as the result of the increase of nanowire 
temperature due to Joule self-heating.[54, 55] 
In Figure 3.10 (b), turning on the hydrogen flow before e-beam irradiation causes the current to 
increase very slowly and then the rate of increase in current significantly increases after ~ 7 min of H2 
exposure. After e-beam irradiation of 0.5 MeV at dose of 1016/cm2, the rate already begins to increase 
significantly after only 1~2 min of H2 exposure. As mentioned above, the increase in the current is 
due to the increase of electron concentration by the hydrogen interstitials. However, the supply of 
electrons to VO2 due to the reaction between Pd nanoparticles and hydrogen atoms is not likely 
enough for accelerating the MIT. Actually, it takes several minutes (~ 5 min) for the device current of 
as-grown VO2 nanowire to reach the initial value of e-beam-irradiated nanowire (0.5 MeV at dose of 
1016/cm2). The significant increase of the rate of increase in current after several minutes of H2 
exposure (depending on the conductivity) may be ascribed to Joule self-heating due to the further 
increase in electron concentration. All I-V measurements in Figure3.10 (b) show that the MIT is 
triggered at threshold currentof approximately 1~3 × 10-5A although the irradiated nanowires show 
higher threshold current than that of an as-grown nanowire. 
The change in the response time of Pd-decorated VO2 nanowires with e-beam irradiation is 
summarized in Figure 3.10 (c).Interestingly, the response time drastically decreased to less than 10 sec 
as the Pd thickness increased to 2.5 nm. Some of them are found to have fast response characteristics 
of 1~2 sec. For the devices showing such a fast response time, the response behavior is totally 
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different, compared with the devices showing slow response. These aspects, which are currently being 
investigated, will be the subject of a separate publication. 
 
 
Figure 3.10 (a) The change in current for a Pd-decorated as-grown VO2 nanowire biased at 10 V as a 
function of time of exposure to hydrogen gas, (b) The change in current as a function of e-beam 
irradiation energy (0.5 MeV: red and blue curves, 0.7 MeV: green curve) and dose, (c) The response 
time as a function of e-beam irradiation energy. The open square is a result of response time measured 
when the Pd thickness is increased to 2.5 nm. 
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3.2.8. Detecting hydrogen gas at the room temperature 
 
This reduction in the response time due to the increase of the conductivity could be observed near 
room temperature (35 ~ 40 °C), as shown in Figure 3.11. After e-beam irradiation of 0.5 MeV at dose 
of 1014/cm2, it takes tens of minutes (> 10 min) for the insulator to metal transition at 40 °C. However, 
when the dose increases to 1016/cm2, the response time significantly decreases to less than 4 min. 
When it is measured at 35 °C, the hydrogen induces the MIT within 6 ~ 7 min. Thus, the increase in 
conductivity can be an effective method in improving the sensing performance and may make it 
useful at ambient room temperature or lower. 
 
 
Figure 3.11 The change in current for a Pd-decorated as-grown VO2 nanowire biased at 10 V as a 
function of time of exposure to hydrogen gas with e-beam irradiation energy and dose, measured at 
35 °C and 40 °C. 
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3.2.9. The selectivity of different four gases  
 
More noteworthy is the observation that Pd-decorated VO2 nanowire is very effective in detecting 
only hydrogen gas. Figure 3.12 shows the change in sensitivity for several gases; hydrogen, oxygen, 
carbon monoxide, and ethylene. Of all gases, significant change in current is observed with only 
hydrogen and turning on the other gases flow (10 sccm) produced ≤ 10% changes (the change in 
current with CO flow is plotted in the inset). This may tell us that if catalytic nanoparticles interacting 
strongly with specific gases are designed with optimization and properly decorated onto VO2 
nanowires, such ultra-sensitive gas response can be obtained selectively at low temperature. 
 
 
Figure 3.12 The selectivity of sensors in detecting hydrogen gas of different four gases (H2, O2, CO, 
and ethylene). Inset shows the CO response measured at 60 °C. 
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3.2.10.The temperature coefficient of resistance 
 
The actual mean temperature of the nanowire can be accurately measured using the resistance of the 
nanowire itself as the temperature was varied from 303 K to 323 K in the presence of hydrogen 
(Figure 3.13). From the data, a temperature coefficient of resistance, α = 2.30 ± 0.02 × 10-2 K-1 was 
obtained, confirming results presented in the literature.[56] 
 
 
Figure 3.13 Plots of LnI vs. 100/T of VO2 under Ar, Pd-VO2 under ar and H2. 
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3.2.11. VO2 nanowire temperature calculation by COMSOL multiphysics package 
 
We conducted finite element simulations using a COMSOL multiphysics package (Version 4.2) in 
order to find the final temperature of a VO2 nanowire due to Joule heating. In our model, a VO2 
nanowire of which both ends are connected by two Au electrodes is supported by a SiO2 substrate. We 
apply a 5 V external voltage at the ends of Au electrodes and keep the temperature to the ambient 
temperature. The heat generated in the VO2 nanowire due to the applied voltage transfers to the SiO2 
substrate and Au electrodes by conduction and to air by free convection. The detail dimension, 
condition and material constants are given in Table 1. The resulting temperature-versus-distance plots 
reveal that within 20 µm of the electrical contacts, the actual temperature of the nanowire increases 
from 0.163 °C to 1.137 °C as the conductance increases (Figure 3.14). Thus, Joule self-heating may 
not enough for accelerating the MIT and so the effect can be negligible. 
At these current values at which the MIT is triggered (Figure 3.10b), the nanowire temperature could 
be calculated to be in the range of 53 ~ 64 °C, a little lower than most reported values (~ 68 °C) of 
MIT (Figure 3.14). The slight decrease of nanowire temperature at transition (∆T = 4 ~ 13 °C) is 
thought to be due to the increase in the electron concentration, considered as Mott-Hubbard type, 
although the competing roles of electron-phonon and electron-electron coupling to the structural and 
electronic properties of VO2 are still unclear and of an active area.[19, 57] 
 
Table 1 Dimension, electrical and thermal conductivity of VO2 nanowire and SiO2 substrate. 
VO2 nanowire dimension W x H x L [μm]          0.1 x 0.07 x 20.0 
SiO2 substrate dimension W x H x L [μm]          100 x 100 x 100 
Current density of nanowire J [A/cm2]             0.5 x 104, 1.0 x 104, 3.5 x 104 
Thermal conductivity of nanowire Kn [W/(m·K)]     5.10 
Thermal conductivity of nanowire Ks [W/(m·K)]     1.05 
Applied voltage Eapp [V]                         5.0 
Ambient and Initial Temperatures [°C]              45.0 
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Figure 3.14 (a) 3D model in COMSOL of a VO2 nanowire (lateral dimension: 70x 100 nm) on a 
SiO2/Si substrate (Inset shows the SEM image of the VO2 nanowire), (b) Plots of ∆T versus distance 
along the axis of the nanowire shown in (a) measured at 5V as a function of e-beam irradiation power 
and dose. (c) temperature difference of nanowires before H2 exposure and near MIT as a function of 
e-beam irradiation power and dose. 
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3.2.12. Induced defects from high e-beam energy 
 
The formation of structural defects such as oxygen vacancies may also be responsible for such a fast 
response time because the defects can elevate atomic hydrogen diffusion into VO2. However, 
increasing the e-beam energy to 0.7 MeV does not reduce the response time to the initial value of non-
irradiated nanowire although the conductivity increases up to about 7 times, compared with as-grown 
VO2 nanowire. This may likely be due to the structural disorder that degrades its switching efficiency 
and hysteresis behavior. In fact, most of them were broken before the transition occurs, meaning that 
higher e-beam energy reduces the stabilization of the crystal. (Figure 3.15) 
 
 
Figure 3.15 I-V curve and SEM image of Pd-VO2 after e-beam irradiation at 0.7 MeV. This 
information is available free of charge via the Internet at http://pubs.acs.org. 
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3.2.13. SEM & TEM images of palladium deposited & non-deposited VO2 nanowires  
 
Figure 3.16 shows the typical nanowire with the length around several hundred micrometers and the 
thickness around of 200 nm, which can be tuned by adjusting the growth conditions. Transmission 
electron microscopy (TEM) was used to characterize the single-crystal structure of a VO2 nanowire in 
Figures 3.16 (b) and 3.16 (c), which preferentially grew along the [100] direction in the M1 phase and 
the atomic images and patterns are also shown as distinct spots clearly, indicating high crystalline 
properties. SEM images (Figures 3.16e and 3.16f) indicate that the diameters of the palladium 
nanoparticles were in the range of 5-15 nm and the distance between the nanoparticles were in the 
range of 3-10 nm depending on the mass thick. 
 
 
Figure 3.16 (a) Low magnification SEM image of VO2 nanowires, (b) Low magnification and (c) 
high magnification TEM images of single VO2 nanowire, (d) SEM image of single nanowire spanning 
gold contacts separated by about 15 μm. Low magnification, (e) and high magnification (f) SEM 
images of Pd-decorated single VO2 nanowire. The scale bar is 10 µm, 200 nm, 2 nm, 100 nm, 5 µm, 
and 500 nm respectively. 
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3.2.14. Response rate with palladium thickness 
 
Most of the I-V curves were carried out in a two-terminal configuration in series with a 
10kΩresistor and at ambient temperatures of 50 °C, with Pd nanoparticles decorating the surface of 
the nanowires. Figure 3.17 shows a current response measured at constant voltage and plotted in semi-
log scale of Pd-decorated VO2 nanowire, exposed to hydrogen flowing at 5 sccm added for various 
lengths of time to a 1000 sccm background air stream with Pd thickness. When 1 nm Pd was 
deposited and annealed, initiating the hydrogen flow across a Pd-decorated VO2 nanowire biased at 5 
V causes the current to increase steadily up to ~ 3 min of H2 exposure and then increase abruptly to ~ 
mA. If the series resistor is not taken into account, the giant resistance change of the nanowire can be 
as high as 4 orders of magnitude. As the Pd thickness increases to 2 nm, such abrupt change in current 
occurs less than 1 min of H2 exposure. Interestingly, they both display abrupt changes at the same 
current level of approximately 30 µA. Previously, we argued that the spillover of catalytically 
produced H atoms onto a VO2 nanowire contributed to its carrier concentration, triggering the MIT, 
considered as Mott-Hubbard type. 
When 3 nm Pd was deposited and annealed (highly-dense Pd nanoparticles were seen to be well-
dispersed, as shown in the inset of the Figure 3.17a), the current abrupt increases to ~ 1mA from 1.5 
µA after H2 exposure without delay. The details of the current dependence with exposure time are 
shown in Figure 3.17 (b). The current increases very fast with exposure time after a little drop (1.5 µA 
to 1.1 µA) in current and reach its metallic phase after 4 s of H2 exposure. It is worth noting that the 
current at which the insulator to metal transition occurs is very low and the transition is done slowly 
for several seconds, unlike a typical timescale of the transition (~ picoseconds or faster). 
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Figure 3.17(a) The change in current for a Pd-decorated VO2 nanowire biased at 5 V as a function of 
time of exposure to hydrogen gas with Pd film thickness (1 – 3 nm). The scale bar in the inset is 100 
nm. As the Pd thickness is increased from 1 to 3 nm, the hydrogen response becomes faster.(b) The 
details of the current change of Pd-VO2 nanowire, exposed to hydrogen flowing at 5 sccm added for 
various lengths of time to a 1000 sccm background air stream with the thickness of Pd films. 
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3.2.15. Response rate with hydrogen concentration 
 
Figure 3.18 shows ID curves for a Pd-decorated VO2 nanowireat 50 °C exposed to varying hydrogen 
concentration in dry air ranging from 250 ppm to 5000 ppm. When the Pd-decorated VO2 nanowire 
biased at 5V is exposed to hydrogen, the current abrupt increases from insulating phase to metallic 
phase without delay. With a H2 concentration of 5000 ppm, the response time was measured to be less 
5 s. As the hydrogen concentration decreases, the rate of increase in a current becomes slow and the 
response time decreases exponentially with the H2 concentration (Figure 3.18b). With a H2 
concentration of 250 ppm, it is observed that the transition can occur within 30 sec. 
 
 
Figure 3.18(a) ID curves for a Pd-decorated VO2 nanowireat 50 °C exposed to varying hydrogen 
partial pressures in dry air corresponding to concentrations ranging from 250 ppm to 5000 ppm. (b) 
The rate of increase in a current with hydrogen concentration. 
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3.2.16. Response rate with palladium distance  
 
In order to see the influence of the Pd coverage on the current response, we analyzed a quantitative 
relationship between the distance between Pd nanoparticles, and the response time was plotted with 
the H2 concentration of 500 and 5000 ppm (Figure 3.19).As indicated in the Figure 3.17 (a), when the 
Pd nanoparticles are well-dispersed and the distance between Pd nanoparticles is very short (< 3 nm), 
the transition occurs within 1-2 s. Very similar results were obtained with over 10 devices fabricated 
and measured independently. As the distance increase, the response time increases quite linearly. At a 
distance less than 10 nm, the device show similar current response behavior. This result was also 
achieved at hydrogen concentration of 500 ppm although the rate of increase in the response time is 
slower. 
Dissociative chemisorption of hydrogen on Pd surfaces followed by the subsequent incorporation as 
atomic hydrogen in the Pd crystal to form a solid hydride is a well-known process. At low hydrogen 
concentrations up to PdH0.02, the lattice expands slightly from 3.889 Å to 3.895 Å. Above this 
concentration the second phase appears with a lattice constant of 4.025 Å. This volume expansion at 
high Pd coverage may make percolating PdHx nanoparticles, forming an electrically continuous 
film.[58] The observed changes in current can be thus related to metal percolation occurring on the 
nanowire’s surface. However, on termination of the hydrogen exposure, the recovery of the 
conductance toward its initial value was found to be very slow. Even after 1 h at 50 °C in air, the 
conductance did not change significantly. The irreversibility of the current response is not usually 
found in the Pd percolating sensors which show fast recovery within 1 min. 
The hydrogen atoms also spill over the VO2 nanowire’s surface and then diffuse into the vanadium 
oxide, forming the hydrogen interstitials or adsorbed OH, both of which act as electron donors 
increasing the carrier density in the conduction band. At low Pd coverage, the carrier density increase 
with hydrogen exposure time is initially observed as a steady conductance increase of the nanowire 
while in its insulator phase in Figure 3.17 (a). If it is responsible for the abrupt increase in the 
conductance observed at high Pd coverage, an ultrafast (<nsec) transition after the steady conductance 
increase should be seen at approximately 30 µA, as shown at low Pd coverage. Furthermore, the 
diffusion of hydrogen atoms into Pd is much faster (~ 8 orders) than that into VO2,[38] suggesting that 
the diffusion into the Pd is essentially complete when those involving the oxide are just beginning. 
The diffusion of hydrogen atoms into the VO2 would not produce so large a current increase in so 
short a time at such a low temperature (323K). 
Now, we focus on the Pd-H reaction again. The process is well-known to be exothermic with a heat 
of reaction of about 9.5 Kcal/mole of H2 at around 25 oC,[59] which heats locally the underlying region. 
For VO2-based two-terminal devices, the first-order metal-insulator transition, accompanied by 
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several orders of magnitude jump in conductivity, is usually observed when single-crystalline VO2 is 
heated uniformly. However, by such localized and nanoscale heating, metallic domains at the 
localized region underneath Pd nanoparticles will start to nucleate, coexisting metallic and insulating 
phases in VO2.[1, 60] These domains continue to grow and expand along VO2 nanowires with hydrogen 
exposure time, resulting in markedly different current behavior at high Pd coverage. The growth rate 
of the metallic domains will depend on the Pd coverage and hydrogen concentration, as shown in 
Figures 3.18 and 3.19. 
An inhomogeneous strain may be also induced by the periodic metal-insulator domain due to the 
difference in volume between metallic and insulating phases. Actually, if the VO2 nanowire is strained 
compressively, the insulator to metal transition can be triggered at lower temperature than 68 °C in the 
bulk. Previously, a substrate effect wherein the strain arising from the mismatch of thermal expansion 
between VO2 and SiO2 result in alternating domains of metal and insulator regions of the VO2 along 
the length of the nanowire was described.[61] The rather complex current v.s. temperature behavior, 
multiple transitions, was reported in that study. Although the substrate effects are excluded because 
the current responses in Figure 3.18 are also clearly seen in strain-free VO2 nanowires transferred 
onto foreign SiO2 substrate, the strain effects should be considered, and the magnitude of stress and 
the time rate of increase in stress will also depend on the Pd coverage and hydrogen concentration. 
 
 
 
Figure 3.19 Response time with the H2 concentration of 500 and 5000 ppm with Pd coverage. 
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3.2.17. Phase transition in VO2 due to localized heating via Pd-H reaction 
 
Which of the two processes, induced stress in VO2 or localized thermal heating of Pd-H reactions by 
hydrogen adsorption into Pd nanoparticles is the rate-determining process may be obtained by 
performing finite element analyses using COMSOL Multiphysics software. For simplicity, we employ 
two dimensional models for VO2 nanowires and Pd nanoparticles, and mimic the exothermal reaction 
of Pd and H atoms by assigning a heat source in each Pd nanoparticle. We solve a coupled equation of 
heat transfer and linear elasticity, but intentionally rule out the effect of Joule heating. In our 
simulations, the resistivity is computed as a function of temperature and induced thermal stress, using 
a reported form by Cao et al.[62]:  





 +
=
Tk
ET
B
a γσρσρ exp),( 0  
and the threshold conductivity for the MIT is assigned to be 14 S/m. One can find the details in 
material properties and the parameters of the above equation in ref [63]. 
Using simple models, we investigate the basic characteristic of thermal diffusion in our systems, 
before analyzing a real dimension of VO2 nanowires. By setting that the length and height of the 
nanowire are 4.8 and 0.2 μm respectively, Pd nanoparticles (0.4 μm in length and 0.02 μm in height) 
are decorated the surface of VO2 nanowire. In Figure 3.20 (a), temperature (or compressive stress) 
shows a local distribution until ~50 nsec, but it reaches to the bottom surface and becomes uniform 
throughout the height within ~100 nsec. This time scale for thermal diffusion is very short, and can be 
explained by the thermal diffusivity of VO2 (~ 8.4 × 105µm2/s). We further compare the temperature 
distributions in the nanowire for differently decorated Pd nanoparticles. When Pd atoms are deposited 
as a thin film with uniform thickness, the temperature profile shows a quadratic function along the 
length. However, Pd atoms are decorated as a form of particles like in our system, the temperature 
profile changes to the combination of piecewise linear and quadratic curves. Here, in the region with a 
bare surface, the temperature changes linearly, but it shows a quadratic change in the region covered 
by a Pd particle, as shown in Figure 3.21 (a). It is notable that both temperature profiles have the 
maximum at the center of the nanowire. In addition, we compare the temperature profiles with 
different sizes of Pd nanoparticles. For this, the same amount of Pd nanoparticles with different sizes 
(10 nm and 200 nm) deposited on the top surface of the same VO2 nanowires, and the total numbers 
of Pd particles are 100 and 5, respectively. As shown in Figure 3.21 (b), the global temperature 
profiles are almost the same, though there is small deviation locally. It indicates that the total amount 
of Pd nanoparticles is a dominant factor rather than the size of nanoparticles for the thermal heating. 
Based on these results, we model the Pd particles with micrometer size for later calculations for 
efficiency.  
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We calculated the changes of temperature, compressive stress, and conductivity of VO2 nanowires 
by varying the length of VO2 nanowire from 24 μm to 198 μm, as shown in Figure 3.20 (b). Here, the 
heat source per a single Pd atom is 1 eV/s, the size of Pd particle is 2 μm, and the inter-distance 
between Pd particles is 4 μm. For the 198 μm long nanowire, the initiation of the MIT transformation 
at t = 13.5 sec is observed in the center of the wire, but we don’t see any transformation for shorter 
nanowires up to t = 20 sec. In contrast, the maximum compressive stress induced by localized thermal 
heating is found to be at most ~100MPa even for the longest nanowire, which can make only a small 
change of conductivity, and thus lower the critical temperature of the MIT less than 1°C. This 
indicates that the change in the current for Pd-decorated VO2 nanowires exposed to hydrogen gas in 
Figures 3.17 and 3.18 is attributed to the increase of temperature due to the localized heating, rather 
than the compressive stress. However, we have to mention that we need to employ sufficiently long 
nanowires to detect the H2 molecules using the MIT induced by the exothermal reaction. This may 
imply that the experimental values have to consider the limitations of the electronic response of the 
measurement system and the rate of hydrogen injection into a chamber. 
Assuming that Pd-H reaction is constant with time, the heat sources of 0.25, 0.50, 0.75 and 1.00 eV/s 
per a single Pd atom are applied until they reach to the net heat of 30 eV per a single Pd atom. These 
values are relatively higher than the heat of reaction of palladium hydrides, but it can be compensated 
by an additional heat by Joule heating which we do not consider in our calculations. The profiles of 
temperature and the corresponding electrical conductivity at t = 20 sec are shown in Figure 2.21 in the 
Supporting Information. The increment of temperature is proportional to the amount of heat source. 
The MIT is initiated at a critical heat source of 0.68eV/s at t = 20 sec, and thus the critical amount of 
heat is 13.6 eV per a single Pd atom to induce the MIT at the 198 μm nanowire. We also change the 
size of Pd particles from 1 μm to 4 μm and the distance from 2μm to 5μm. The total numbers of Pd 
particles are the same, and thus the covered areas are different. In the profiles of temperature and 
electric conductivity at t = 20 sec (Figure 3.21), as the coverage increases the maximum temperature 
increases, consistent with the results in Figure 3.19. All calculations confirm that the generated heat 
by the exothermal reaction of Pd and H atoms can induce the MIT without the aid of Joule heating. 
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Figure 3.20(a) The snapshots of temperature and induced compressive stress distributions of VO2 
nanowire by Pd-H exothermal reaction. (b) The profiles of temperature, induced compressive stress, 
and conductivity of VO2 nanowires with different length. 
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Figure 3.21Comparison of temperature profiles of VO2 nanowires decorated by a Pd thin film and Pd 
nanoparticles in (a) and that decorated by 10nm size Pd nanoparticles and 200nm size Pd 
nanoparticles in (b) The profiles of temperature and conductivity for different amount of heat sources 
per a single Pd atom in (c) and those for different sizes and inter-distances of Pd nanoparticles in (d). 
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3.2.18. Two recovery methods following hydrogen flow 
 
After hydrogen flow is shut off, the recovery of the nanowire’s conductance toward its initial value 
was found to be very slow.[38] To reduce the recovery time, we employed two types of recovery 
process, which to heat the sample at 100 ~ 200 °C (Figure 3.22a) and to stretch the sample (Figure 
3.22b). The heating process still requires over several minutes at 100 °C (Figure 3.23).[38] However, 
when the substrate was stretched, the current abrupt dropped to the initial value within less than 0.1 
sec, depending on the rate and magnitude of stress, suggesting the possibility as flexible gas sensor 
applications. 
 
 
Figure 3.22 Two types of recovery process, heat the sample at 100 ~ 200 °C (a) and stretching the 
sample (b). 
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Figure 3.23The change in current for a Pd-decorated VO2 nanowire after hydrogen off with annealing 
temperature. 
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3.2.19. Sensing performance at the low voltage and room temperature 
 
More interestingly, one observe that this device could even operate at room temperature if we apply 
10 V to the nanowires although the response time increased up to 3 ~ 4 min (Figure 3.24a). The 
voltage may provide a high power that can come close to the Tc to trigger the transition. The self-
heating effect to drive the transition was reported in the study in the strain monitor.[60] However, the 
current already increases to 2 times within 10 s of hydrogen exposure, meaningful as a hydrogen 
sensor. It is also interesting that after hydrogen exposure, the current abrupt decreased to 0.5 µA (1 
order in magnitude decrease), which are currently being investigated, will be the subject of a separate 
publication. The operating voltage can be reduced to 0.1 V at ambient temperature of 50 °C (Figure 
3.24b). Because the power consumption is proportional to the square of the device's supply voltage, 
which should therefore be kept as low as possible, the devices at 0.1 V consumes 250 times less 
power than those at 5 V. 
 
 
Figure 3.24The change in current for a Pd-decorated VO2 nanowire biased at 10 V with exposure to 
hydrogen gas at room temperature (a) a Pd-decorated VO2 nanowire biased at 0.1 V at 50 °C (b). 
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3.3. CONCLUSIONS 
 
In summary, we demonstrated that increasing the conductivity was one of effective methods for 
accelerating the response and reducing the operating temperature of an MIT based hydrogen sensor. 
By irradiating a well-controlled electron beam into the nanowires, the conductivity of nanowires 
significantly increases up to 4 times with little change in the insulator to metal transition temperature 
(< 2 °C). The conductivity is further increased when exposed to trace amounts of hydrogen gas, 
inducing the insulator to metal transition after several minutes. As the conductivity increases, the 
transition to metallic phase can occur faster (~ 2 x) even near room temperature (~ 35 °C), by 
reaching faster (~ 3 x) a critical current density at which the self-heating initiates. The self-heating 
effect accelerated by the increase in the conductivity results in a decrease of response time, in the 
operating temperature and voltage. The sensor also shows the capability of selectively detecting 
hydrogen gas from (O2, CO, and ethylene) gases. If catalytic nanoparticles interacting strongly with 
specific gases are designed with optimization and properly decorated onto VO2 nanowires, such 
highly responsive (~ 1000-fold sensitivity) and highly selective sensors can be easily fabricated 
without arrays of sensors. 
Also, we reported an unusual insulator to metal transition of the palladium-decorated VO2 nanowires 
caused by the heterogeneous H2-Pd catalytic reactions. The Pd-VO2 showed an abrupt increase in 
conductance from insulator to metal at lower temperature (~ 50 °C) than 68 °C in the bulk on 
hydrogen gas exposure. The abrupt change occurred smoothly over duration of several seconds to 
several tens of seconds, depending on the Pd coverage, temperature, and hydrogen concentration. 
Electronic transport measurements and finite element analyses with various experimental conditions 
such as hydrogen concentration, temperature, Pd coverage, and applied voltage suggest that the 
deceleration in the transition is due to the formation of alternating domains of metal and insulator 
regions of the VO2, which were produced by the generated heat by the exothermic catalytic 
process. Although the nanoscale heating may be negligible in gas sensor materials such as ZnO and 
SnO2etc, it is believed to be quite enough for triggering the transition along the nanowires at ambient 
temperature close to the insulator to metal transition temperature in the bulk. 
After hydrogen flow is shut off, the conductance is not immediately returned to the original value and 
it takes 30 min even after 100 °C, meaning that the atomic hydrogens, produced by dissociative 
chemisorption on Pd, are incorporated into VO2. However, the Pd-decorated VO2 nanowire after the 
recovery process also shows similar current response to hydrogen, meaning that it is reversible. This 
has critical implications for the engineering the properties of vanadium dioxide by a heterogeneous 
catalytic process. 
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